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FOtEWORD 


This  report  ms  prepared  by  the  Metals  Researoh  Laboratory,  Division  of  Applied 
Mathetnatlos,  Brown  University,  Providence,  Rhode  Island  under  USAF  Contract  No*  AF  33 
(616)-6945*  This  contract  was  Initiated  under  Project  No*'  73^  "Research  to  Inves¬ 
tigate  the  Use  of  Ultrasonic  Methods  In  the  Sttidy  of  Deforaatlon  and  Fatigue  In  Mate¬ 
rials,*  Tadc  No*  736002  "Nondestructive  Testing."  The  woric  was  adnlnlsterpd  under  the 
direction  of  the  Dlreotor'ate  of  Materials  and  Processes,  Deputy  for  Technology,  Aero¬ 
nautical  Systems  Division,  with  Mr.  R*  R.  Rowand  acting  as  the  project  engineer. 

This  report  covers  woz4c  conducted  from  December  I960  to  December  1961. 

We  are  indebted  to  Mr.  Richard  Rowand  for  direct  assistance  and  for  appreciation 
of  the  difficulties  associated  with  this  work  as  well  as  the  results. 


ABSmtCT 


The  UM  of  ultra  aonio  wtboda  for  atudyii^  dafaet  foiaatloa  and  ita 
eonaaquanoaa  in  eoanaetion  with  atraaa  eyellne  and  dafomation  in  aluaiflua 
and  aodiuB  ehlorida  alnele  eryat^la  ia  tba  aubjeet  of  this  report. 

The  obsariad  ultrasonie  ehangaa  appeared  eloaeljr  aaaoeieted  with 
ehanges  in  dialoeation  behavior.  To  eatabliah  thia  dafomation  eaperlaants 
were  used  in  aueh  a  way  that  resulta  eould  be  related  to  the  behavior  of 
the  slip  ayateas  and  to  their  orientation.  Aluainua  single  eryatals  were 
used  for  these  experiaeata*  Siaultaasoua  asasuresMnts  of  attenuation  and 
velocity  ehangae  ware  aade  continuously  during  tensila  deforaatioa.  Xn  the 
very  early  st^aa  of  dafomation,  for  all  orientations,  an  increasa  in 
attenuation  is  obsarved  bafore  aieroscopie  yiald.  Easy  glide  is  observed 
by  the  attenuation  and  velocity  changea. 

Neasuraaents  in  tension  have  been  aade  for  the  purpose  of  eoaparing 
the  dislocation  daaping  and  pinning  affects  in  an  ionic  crystal  with  those 
in  a  aatal. 

Important  equipaant  iaproveaents  have  been  stade  for  autoaatie  recording 
of  attenuation  and  velocity  Bsasureaants. 


This  report  has  been  reviewed  end  is  approved. 


W.  J.  IRAFP  •  * 

Chief,  Strength  h  i>ynaBies  Branch 
Metals  and  Ceraaics  laboratory 
Direetorate  of  Materiala  and  Processes 
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INTROOOCTKHI 


ThA  puipoae  of  this  Investigation  Is  that  of  understanding  the  physical  changes 
which  are  detected  and  continuously  aeasured  in  alualnoa  and  sodium  chloride  during  de¬ 
formation  and  stress  cycling.  The  changes  in  the  material  are  detected  and  followed  by 
means  of  the  measurement  of  ultrasonic  attenuation  and  velocity.  These  measurements 
are  made  fay  pulse  echo  methods  in  the  very  low  megacycle  range  of  frequencies.  A 
discussion  the  earlier  work  of  this  type  is  given  in  several  articles  (1)(2)(3)(^) 
particularly  in  articles  (3)  and  (4)  which  are  concerned  with  attenuation  and  raloclty 
effects  observed  in  the  very  early  stages  of  stress  cycling  between  one  and  l(r  cycles. 
An  eaqilanaticm  of  the  observed  effects  was  also  provided  in  these  reports* 

The  present  report  is  concerned  with  the  following  topics: 

I.  Discussion  of  Heasurements  and  Results  Related  to  the  Ultras(»ilc  Attenuation 
and  Velocity  Data  on  Aluminum  Single  Crystals  as  a  Function  of  Dafomation 
and  Orientation. 

II.  Discussion  and  Results  Related  to  the  Ultrasonic  Attenuation  and  Veloolty 
Data  on  Sodium  Chloride  Sln^  Crystals  as  a  Function  of  Deformation  and 
Triontation. 

III.  Stress  Cycling 

IV.  Description  of  Automatic  Recording  Velocity  Measurcawnt  System. 


Manuscript  released  by  authors  February  1962  for  publication  as  an  ASD  Technical 
DoounOntary  Report. 
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I.  Discussion  of  MsasursMnts  snd  Results  Related  to  the  Ultrasonic  Attenuation 

and  Vslooity  Data  an  Aluelinai  Sin^e  Crystals  as  a  Function  of  Dsforaation  and 

Grientatlon* 

The- fcUoslnc  account  of  ultrasonic  attenuatlm  and  velocity  Bsasursmnts 
carried  out  during  tensile  defoi«ation  of  hi|d>  purily  single  crystal  alunlxiun  staples 
showst  aamg  other  things,  the  close  C(au»Mtion  betmen  dislocation  danplng  and  the 
easy  glide  neehanlsa.  Stress-strain  neasureaents  aade  ooneurr«ibly  with  attenuation- 
strain  and  velocity-strain  neasurennots  show  froa  their  orientation  dependence  how  the 
operatic  of  four,  six,  and  elg^t  glide  syeteas  affects  the  dislocation  daaping  hence 
the  attenuation  and  velooltv* 

The  work  described  shows  hotr  iiltrasonie  neasureaents  of  this  type  aay  be  used 
to  sttidy  the  details  of  slip  aechanisas. 

a^eriaental  ftoeedure 

The  aaterial  used  throu^ut  this  wcperlaent  was  aluainua  99»995^ll  pure.  Single 
crystals  of  3/8^  square  in  cross  section  and  about  12*  long  were  grown  in  this  labora¬ 
tory  using  a  gnphlte  boat  and  pre-orlented  seeds.  These  were  so  oriented  that  the 
long  axis  of  the  eryq^  coincided  with  the  following  crystallographic  directions 

,  ^1J(V  •  **  *  orientation  means  that  one  of 

the  twelve  possil^  ^ide  systems  of  the  face  centered  euble  crystal  is  inclined  45 
degrees  to  the  rod  axis,  so  that  when  the  speeiaen  is  stressed  along  that  axis,  the 
iMPrtaua  resolving  shear  factor  of  0.5  is  obtained. 

Sin«^e  crystals  thus  obtained  were  cut  sll^tly  longer  than  5  Inches  in  length 
and  glued  into  a  steel  holder  5  Inches  long  and  with  a  groove  3/8  inch  square  along  its 
axis.  Since  the  end  surfaces  of  the  holder  are  aade  parallel  to  each  other  and  per¬ 
pendicular  to  its  axis,  the  end  surfaces  of  the  single  crystal  can  be  finished  par¬ 
allel  and  perpendicular  to  this  axis  then  the  excess  length  of  the  crystal  was  ranoved. 

After  polishing  the  end  surfaces,  the  sQpeeiaens  were  annealed  at  550°C  for 
three  hours,  nien  the  speeiaen  was  glued  into  specially  designed  grips  of  the  testing 
aachlne,  using  Aralite  (tradeaarfc  of  CIBA),  without  tii^tenihg  or  squeezing  so  that 
deformation  prior  to  the  test  is  avoided.  The  grips  and  allgnwnt  of  the  soeclaen 
are  shcan  Ueheastically  in  Figure  1. 

The  specimens  were  deformed  in  tensim  at  rooa  taaparature  using  an  Instron 
table  aMel  testing  aachlne.  The  speed  of  the  erosshead  aovwMnt  was  0.002*/ain. 
throughout  the  e^qperiaents.nie  load  was  aeasured  by  a  load  ctil  and  recorded  as  a 
function  of  tine.  The  elongation  of  the  q)eeiaen  was  aeasured  by  three  dial  indicators 
reading  to  0.0001*  pw  divisim.  These  indicators  were  arranged  in  a  way  shown  schen- 
atlcally  in  Figure  g.  These  indicators  are  this  way  in  order  to  detect  and  copensate 
bending  defocaation  and  in  order  to  obtain  total  length  change  of  the  speeiaen  in¬ 
stead  at  tinngation  between  grips,  because  the  velocity  change  due  to  defomation 
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was  aaasured  bgr  tlw  change  in  delay  tine  required  for  ultrasonic  waves  to  nake  one 
round  trip  of  the  total  specinen  length* 

Qwnges  of  attenuation  and  velocity  were  detemlned  hgr  the  pulse  echo  tech¬ 
nique*  nie  dlaneter  of  the  transducers  used  was  0*35  Inches*  The  transducers  were 
nounted  on  one  end  of  the  specinen  using  Nonaq  (Fisher  SclMstiflc  Co«)  as  the  bond¬ 
ing'  atsnrte  Siaioe  ths  nhsrgn  of  the  attenuation  due  to  deformation  was  unusually  large, 
the  ordinary  nethod  of  neasurlng  attenuation,  l*e.  natchlng  an  exponential  decay 
curve  to  the  echoes,  could  not  be  used.  Instead,  the  change  of  anplltude  of  the  first 
echo  was  traced  and  recorded  autoatatlcally  throughout  the  defomatlon  {wrooess*  The 
velocity  change  was  detendned  frcn  -the  aeasurenents  of  the  delay  tln$  change  of  'the 
first  echo,  together  with  the  neasurenoit  of  the  elongation  mentioned  above 

Ins'trunantatlon  for  these  neasureeients  was  set  as  Aom  In  blodc  dlagran 
fom  In  Figure  3.  Attenuation  changes  were  plotted  out  over  a  40  db  range  by  using  the 
attenuation  readout  adaptorW  (AARA-l)  In  a  slightly  nodlfled  configuration*  This 
unit  was  Initially  designed  to  sense  -the  relative  change  In  anpUtude  of  any  two  ultra¬ 
sonic  echoes.  Since  the  second  and  all  succeeding  echoes  dls^pear  with  increasing 
strain  In  this  partlcvilar  type  of  experiment.  It  became  necessary  to  Introduce  an 
artificial  constant  amplitude  echo  and  to  measure  change  in  attenuation  of  the  first 
echo  with  respect  to  this.  The  delay  trigger  output  froai  the  Me  XVIII  attenuatlcm 
■eaaurement  unit  was  used  as  the  artificial  echo.  The  AX  system  was  disabled  In 
this  configuration.  To  obtain  gz^ter  than  20  db  dynamic  range  a  stepped  attenuation 
was  Inserted  In  the  receiving  system  at  the  Input  to  the  I.F.  strip*  At  the  beginning 
of  an  experiment  the  at'tenuatlon  in  a  typical  sample  was  low  enough  to  allow  the  Inser¬ 
tion  of  40  db  loss  In  the  receiving  syston.  The  AARA-I  was  used  on  the  10  db  scale* 
VIhen  the  atten\iatlon  In  the  sample  had  Increased  10  db  In  the  first  round  trip,  10  db 
was  removed  from  'the  path.  This  could  be  done  4  times  plus  the  10  db  range  of  'the  re¬ 
corder  therefore  a  total  change  of  50  db  could  be  plotted.  Changes  in  round  trip  time 
In  the  sample  were  obtained  from  the  Velocity  Readout  Adaptor  (VERA-I)  as  Indicated  In 
reference  t^/.  The  first  echo  was  necessarily  used  for  this  purpose  since  all  later 
echoes  subsequently  disappear  dtu^ing  an  ezqperlment*  The  amplitude  of  this  first  echo 
Is  maintained  at  a  constant  amplitvide  by  manually  adjusting  the  continuously  variable 
60  mc/sec  attenuator.  It  Is  necessary  to  do  this  since  the  velocity  Readout  Adaptor 
Is  sensitive  to  input  amplitude. 

Bqwrimental  Results 
a)  ^0*5^  orientation 

Figure  4  shows  'the  relationship  between  stress,  attenuation  change  and  frac¬ 
tional  change  of  velocity  against  the  strain,  for  10  NC  shear  waves*  The  polarisation 
of  the  transducer  was  so  oriented  that  the  p^lcle  dlsplacemuit  of  the  vlbratlmi  was 
perpendicular  to  the  projection  of  'the  primary  glide  dlrectlcm  Into  the  end  surface, 
as  shown  In  Figure  4.  That  Is,  the  ps^lcle  displacement  of  the  vibration  does  not 
have  any  component  In  the  primary  glide  direction* 
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After  the  initial  rise  (stage  A)  the  stress-strain  curve  clearly  Indicates 
the  existence  of  easy  glide  for  aiguroxlaately  0*2  it  tensile  strain  stage  B,  followed 
by  stage  C*.  The  corresponding  attenuation  change  (the  dlffermce  between  the  atten¬ 
uation  for  any  particular  strain  and  the  initial  attenuation  at  zero  strain)  is  very 
similar  in  shape  to  the  stress-strain  curve;  that  iS|  after  an  initial  rise,  the  atten¬ 
uation  stays  aljwst  unchanged  during  the  easy  glide  region  and  then  starts  to  rise  and 
ke^^  increasing  steadily  in  stage  C. 

The  corresponding  velocity  change  is  defined  by 

where  V  is  the  initial  velocity  before  the  deformation  and  V^C)  is  the  velocity  for  a 
particular  strain**.  As  shown  in  Figure  4>  the  velocity  Increased  slightly  at  the  be¬ 
ginning,  resuklned  practically  unchanged  during  easy  glide  and  then  decreased  rapidly 
in  stage  C. 

The  behavior  of  longitudinal  waves  is  different*  As  shown  in  Figure  3,  the 
attenuation  Increases  quite  rapidly  with  increasing  strain,  from  the  beginning  of  the 
defoiraatlon,  and  does  not  exhibit  any  special  characteristic  associated  with  easy 
glide.  The  corre^ndlng  velocity  change  is  also  different  from  the  shear  wave  case; 
after  a  sli^t  increase  in  the  beginning,  it  tends  to  decrease  immediately,  again 
without  aiy  observed  relation  to  the  easy  glide* 

b)  ByHMtrical  orientations. 

The  emrlmental  results  obtained  with  13  NC  longitudinal  waves  for  ^10G|^  , 
\11^  ,  and  \110^  orientations  are  shown  in  Figye  6*  Figure  7,  and  Figure  6  re- 
spec^vely*  The  results  on  10  Me  shear  waves  for  \  100^  and  ^110/  orientations 
are  shown  in  Figure  9  and  Figure  10  respectively.  No  measurements  could  be  made  with 
shear  waves  prt^Mgat^jig  along  the  \lll^  direction,  because  of  a  complicated  decay 
pattern. 


*C  is  used  to  designate  the  portion  of  the  stress-strain  curve  that  follows  easy 
glide,  without  reference  to  a  specific  strain  hardening  mechanism. 

**Thi8  ^ould  be  distinguished  from  the  theoretical  fractional  velooity 

change  derived  from  the  ejqpression  (2)  given  in  the  discussion  section,  because 
the  theoretical  velocity  change  is  the  difference  between  the  purely  elastic  velocity 
at  infinite  frequency  and  the  measured  velocity  at  any  given  strain  or  frequency. 
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For  all  thaae  oases  •  the  attenuation  Increases  rapidly  fro*  the  start  of  the 
defomation,  and  the  velocity  change  shows  a  definite  maxi  mm  at  around  0.02'-^  0.15* 
strain*  The  location  and  the  slse  of  the  maximum  vary  for  different  orientations. 

Discussion  of  the  results 


The  a^qperlmental  results  reported  above  definitely  suggest  that  the  measured 
changes  of  attenuation  and  velocity  are  associated  with  dislocation  motion.  It  is 
therefore  of  Interest  to  try  to  interpret  the  present. results  in  terms  of  the  dis¬ 
location  daiq>ing  treatment  given  by  Granato  and  Lucke^^^.  These  authors  show  that  the 
dasqjing  of  a  specimen  containing  dislocations  is  described  fay  the  logarithsilc  decreswnt 
Ik  .given  by 


a)ol 


(1) 


Since  the  motion  of  the  dislocation  lines  produces  a  strain  in  addition  to  the  elastic 
strain,  the  apparent  modulus  C  is  lower  than  the  true  modulus  1^  an  amount  iiQ  , 
given  by 


4§ 

Go 


(2) 


In  the  above  expressions,  the  symbols  have  the  following  meanings*  Total  length  of 
movable  dislocation  line  per  unit  volume  .  lattice  parameter  CL  ,  circular  fre¬ 
quency  u)  %  Poissra's  ratio  .  the  dislocation  mass  per 

unit  length  »  damping  constant  B,  density  ^  ,  Burgers  vector  b,^  “ 

,  C=  effective  lengtn  of  dislocation  loop  Lb 

orientation  factor f 

Since  the  attenuation  ^  measured  in  db/iisec  is  related  to  the  logarittaic  decre 
ment  ^  by  / 


<3i  =  i.(,7K  /o  ■  ^ 


equation  (1)  can  be  rewritten  as  follows: 


iTT 


usx/d 


.4 


(3) 
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The  values  of  A,  B  aivl  C  will  be  considered  constant  for  the  material,  and 
the  frequencies  of  the  experiments  are  fixed  at  10  HC  or  13  NC,  thus  the  attenuation 
increases  with  increaslng/1 ,  ^  and  *  For  a  sufficiently  small  amount  of  def orm> 
atlon  it  can  be  assumed  that/^  *ndA  z'fln&in  unchanged,  and  most  of  the  changes  in 
attenuation  and  velocity  are  due  to  the  increase  of  loop  leng^  »  For  such  a  case, 
the  attenuation  and  velocity  change  are  plotted  against  in  Figure  11.  Here, 

the  attenuation  and  fractional  velocity  change  are  normalised  to  their  maximum  values, 
and  the  value  =  10°,  Is  used.  Since  the  resonant  frequency  U)e  is  related  to 

the  loop  length  Lg  by 

U)o  vLc 

the  Increase  of  corresponds  to  the  decrease  of  In  Figure  n.  From  this  figure, 
the  eiqperlmental  results  on  ^e  Increase  in  attenuation  as  well  as  In  velocity  can  be 
explained  if  the  value  of<*)^  before  the  deformation  is  In  the  range  between  one  (where 
the  maximum  takes  placa  In  the  e^  ^P^^^M^urve)  and  ^  30  (idtere  the  minimum  takes 
place  in  the  curve),  nuihermore,  from  the  previous  condition  it  is 

possible  to  estimate  the  upper  and  lower  limits  of  the  loop  lengthrfor  which  an  increase 
in  both  attenuatl<»i  and  velocity  can  be  observed.  Figure  12  shows  the  limits  of  loop 
length  against  the  frequency  for  two  different  values  of  6.  For  the  frequency  of  13  NC 
used  in  these  ffimorlments  the  limits  of  the  loop  length  given  by  this  estimation  becosie 
3.2  X  10~^cmY<ev  ^  lO'^cm,  which  is  reasonable  for  the  purity  of  the  aluminum  single 
crystals  used  in  this  ejqperiment. 

Thus  the  increase  of  the  attenuation  as  wall  as  the  velocity  in  the  early  stages 
of  deformation  can  be  explained.  Furthermore,  this  consideration  provides  the  explanation 
for  the  previous  experiments  (p)  trtiere  no  velocity  Increase  was  observed.  In  those  ex¬ 
periments,  less  pure  aluminum  polycrystals  were  used  as  specimens  and  the  ultrasonic 
frequency  was  5  NC.  Under  these  conditions,  the  loop  lengUi  would  be  smaller  than  the 
lower  liadt  derived  above,  and  a  velocity  increase  effect  could  not  be  observed. 


The  expansion  of  loop  length  is  limited,  for  as  soon  as  sufficient  dislocation 
multiplication  takes  place,  the  dislocations  in  different  glide  systmms  Intersect  each  ^ 
other  and  cause  a  shortening  of  the  loop  length.  Therefore,  there  Is  j^maximum  in  the 
-  deformation  curves.  As  can  be  seen  from  the  expresslons^2)  ^  (3)^  xorA  sensitive 

to  the  change  ofAVor  loop  length,  in  the  range  of  i  than  the  attenua¬ 

tion  e(  Is.  Therefore,  the  attenuation  continues  ta  increase  because  of  the  Increase 
of  dislocation  density  even  though  the  velocity  decreases. 

The  location  and  the  size  of  the  maximum  in  the  •  deformation  curve  should 
depend  on  how  soon, In  the  deformation  process,  sufficient  intersections  take  place.  It 
is  natural  to  assume  that  among  the  three  symmetrical  orientations,  sufficient  Inter¬ 
section  takes  fJlace  earliest  In  the  ^100^  orientation,  next  in  the  orlenta- 

^on,  and  then  in  the  ^  11^  orientation,  because  Uie  ^  100^  ,  the  \  111^  and  the 
\  110^  orientaticm  have  8,  6  and  4  equally  favored  glide  systm  respectively*. 


*  For  these  orientations  the  resolved  stress  Is  zero  on  the  remaining  of  the  twelve 
possible  slip  aystems. 
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Ab  shoim  In  Flgur*  I3  irtiar*  the  fractional  valooity  changes  are  incited  against 

the  resolved  shea):  strain,  the  location  and  slae  of  the  eaxtea  are  exactly  In  the  order 
predicted  trm  the  crystallographic  orientation  considerations  Mentioned  above* 

As  the  defomatlon  Increases,  the  assinQ>tlon  that/Xand^  renaln  constant 
becomes  less  and  less  valid*  As  soon  as  the  dlslocatlm  Multiplication  becoHes  appre¬ 
ciable  the  distribution  of  dislocations  on  each  glide  system  changes*  Therefore  the 
orientation  factor*Q  ,  irixlch  depends  on  the  crystallogriphlc  orientation  of  the  spec¬ 
imens  and  the  nodes  of  the  ultrasonic  waves  used.  Is  also  a  function  of  defomatlon* 
However,  the -change  of/L  as  a  function  of  plastic  strain  cannot  be  co^uted  without 
further  assumptions  about  the  details  of  dislocation  multiplication* 

Figure  lA  and  Figure  15  show  the  comparison  of  the  attenuation  change  for  the 
sysnetrleal  orientations  obtained  at  13  MC  longitudinal  waves  and  10  MC  shear  waves 
respectively*  The  dllfference  In  attenuation  change  with  strain  for  the  three  symet- 
rlcal  orientations  can  also  be  eiqplalned  qualitatively  on  the  basis  of  differences  In 
the  change  loop  length.  As  mentioned  above,  sufficient  dislocation  multiplication^ 
oaoses  a  shortening  of  the  loop  length,  and,  for  larger  deformations,  the  value  (g*)^ 
^^oaches  the  value  (9^)*  As  can  be  seen  from  the  eoqpresslon  (3),  the  attenu^im 
becosMs  more  sensitive  to  the  change  of  loop  length  In  the  range  of  • 

Moreover,  the  loop  length,  at  a  given  stage  of  deformation.  Is  eiqpected  to  be  largest 
In  the  xilO^  orientation  and  smallest  In  the  ^100^  ,  with  Intemedlate  values  In 
the  ^  111^  orientation,  thus  the  difference  In  attenuation  change  Is  also  expected 
to  be  In  that  order.  This  Is  Indeed  found  to  be  the  case  as  shown  In  Figure  15  and 
Figure  16* 

In  the  case  of  ^0.5^  orientation,  the  maiiced  difference  In  the  attenuation 
change  between  shear  waves  polarize?  perpendicularly  to  the  primary  slip  direction, 
and  longitudinal  waves,  can  be  understood  in  the  following  way:  the  ^0*5>  orientation 
Is  such  Uiat  only  one  of  the  12  possible  {lll\  glide  systems  has  ^e  maximum 

resolved  shear  factor  of  0.5  and  the  rest  of  the  glide  systems  have  smaller  resolved 
shear  factors.  For  such  an  orientation  the  onset  of  macroscopic  flow  Is  usually  attri¬ 
buted  to  rapid  dislocation  multiplication  which  Is  confined  essentially  to  the  primary 
slip  system.  This  corresponds  to  the  easy  glide  region  (stage  B)  In  the  stress-strain 
curve.  The  termination  of  easy  glide  Is  thought  to  coincide  with  the  stress  values 
for  ^Ich  substantial  dislocation  multiplication  begins  to  occur  In  at  least  one  add¬ 
itional  slip  system,  on  which  dislocations  have  to  travel  through  the  forest  of  dis¬ 
locations  ijready  developed  In  stage  B.  Ihls  corresponds  to  stage  C*  Since  the  Aear 
wave  Is  so  polarized  that  the  particle  di^lacement  of  the  vibration  has  components 
along  all  the  glide  systems  except  the  primary  one*  the  shear  wave  does  not  "see*  the 
glide  motion  of  dislocations  In  the  primary  glide  ^stem.  Therefore,  In  the  easy 
glide  region,  attenuation  of  the  shear  wave  does  not  Increase*  However,  In  stage  C, 


*  Originally  derived  on  the  assuiq>tlon  of  an  Isotropic  distribution  of 
dislocations* 
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tlM  t*tTtr  wiM  tmtinn  to  dotoot  tho  offoot  of  •ddltlonal  dld.oe«tion  BultlplloAtion 
in  Moondar^  sll|>  sjrstMu,  in  all  of  nhlefa  tharo  la  a  coaponant  of  vlbratloni([L  dla« 
pLuanant*  Thia  la  raflactad  in  a  rapid  ineraaaa  In  the  obsarvad  attanuatlon. 
Iicnigitudlnal  wavaat  hoaaver,  have  eo^JOMnta  along  all  the  ^ide  syateaa  Including 
the  prljaarjr  one*  nils  explalna  the  experljwntal  fact  that  the  attenuation  increases 
quite  rapidly  as  a  function  of  strain*  frosi  the  beginning  of  the  deforaation*  with* 
out  any  relation  to  the  easy  glide. 

As  far  as  the  authors  are  aware*  this  is  the  first  experinental  separation 

of  the  effects  of  prinary  and  secondary  glide  qrsteas  during  plastic  defom- 
ation  of  face  centered  cubic  single  crystals. 

Coneluai«>s 

it  is  dkcan  that  the  changes  of  ultrasonic  attenuation  and  velocity  in  single 
crystals  of  due  to  plastic  deforaation*  are  very  sensitive  to  the  orientation 

of  the  crystals.  For  syesietrical  orientations*  the  change  of  attenuation  decreases 
^th  the  increasing  nuaber  of  equally  favored  slip  systssu;  i.e*  in  the  order  { 110/ 

^  Illy  *  \100^  having  4*6  and  8  equally  favored  slip  qrstsas  respectively* 

In  the  ease  of  ^0.5^  orientation*  the  chknge  of  shear  attenuation  clearly 
shows  the  easy  glide  phencsMnon  when  the  polarisation  direction  is  appropriately 
oriented*  idiile  the  longitudinal  wave  attenuation  increases*  without  showing  any  char¬ 
acteristic  connected  with  easy  glide. 

The  velocity  iQcreases  slightly  in  the  beginning  of  deforaation  and  then  tends 
to  decrease*  that  is  the  deforaation  ciurve  has  waxiaua.  The  location  and 

site  of  the  aartaua  also  depend  on  the  crystallographic  orientation*  in  the  saae  way 
as  in  the  case  of  the  attenuation  change. 

The  increase  in  velocity  as  well  as  attenuation  in  the  early  stages  of  defora¬ 
ation  can  be  eaqplained  on  the  basis  of  the  dislocation  da’iping  treatment  given  by 
Oranato  and  Lueke*  if  thn  loop  lengths  of  the  dislocations,  before  the  deformation* 
are  larger  than  3*2  x  10*^cm*  taking  the  daiq>ing  constant  B  equal  to  5  *  10-'*  . 
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II*  Ultruonlo  Attenuation  and  Velocity  Data  on  Sodlua  Chloride  Sln^e  Crystals 

as  a  Function  of  Deformation  and  Orientation* 

In  the  course  of  the  study  of  dislocation  pinning  and  unpinning  that  occurs 
d\irlng  defoiaatlon  and  during  recovery  after  deformation^  It  has  become  apparent  that 
any  property  of  the  solid  related  to  dislocation  changes  Is  wnrth  Investigating  because 
there  are  a  sufficiently  large  number  of  variables  so  that  really  definitive  eaperlments 
require  several  kinds  of  measurements.  It  Is  for  this  reason  that  we  have  been  convinced 
that  It  Is  desirable  to  conqpare  the  deformation  of  metallic  crystals  (aluminum)  with 
the  defonutlon  of  Ionic  crystals*.  Ionic  crystals  exhibit  large  changes  In  elMtrlcal 
conductivity  during  deformation.  This  Increase  In  conductivity  disappears  In  about 
twenty  minutes  at  room  temperatures  The  point  defects  are  assoted  to  be  associated 
with  both  conductivity  changes  and  dislocation  pinning  hence  damping  changes*  Since  a 
dislocation  acts  as  a  source  of  point  defects  during  deformation  and  as  a  sink  for 
point  defects  during  recovery  it  Is  certainly  worthiAlle  to  examine  the  connection 
between  the  concentration  of  point  defects*  as  shown  by  conductivity  measuresMuts*  and 
deformation  as  conpared  with  attenuation  and  velocity  changes* 

In  addition  to  condtictivity  changes  there  is  a  "charge  effect*  in  the  deformed 
sodium  chloride  in  idilch  there  appears  to  be  a  charge  associated  with  dislocations* 

When  the  dislocations  move  the  charge  effect  can  be  observed  at  the  surface  of  the 
sample. 


In  the  deformation  ejqperlments  carried  out  In  our  laboratory  the  specimens  were 
In  the  form  of  rods  3/^  Inch  in  diameter  and  k  1/2  Inches  long  (Harshaw  Cheeil^  Co*)* 

The  orientation  of  the  samples  was  such  that  their  axis  coincide  with  a  ^00/  direction 
of  the  crystal.  The  surfaces  of  the  rod  specimen  were  poUdied  with  water  for  the  pur¬ 
pose  of  inhibiting  the  formation  of  cracks  during  deformation. 

The  specimens  were  mounted  in  grips  of  the  Instron  Tensile  testing  machine,  and 
the  measurement  of  attenuation  and  velocity  was  carried  out  in  the  same  way  as  with  the 
aluminum  samples  except  that  with  NaCl  the  sample  was  glued  Into  the  grips  with  Styoast 
2651  (Bnerson  and  Cummings*  Inc*).  The  reason  for  the  difference  In  the  epoxy  resins 
was  simply  that  NaCl  could  be  taken  out  of  the  grips  by  dlsolvlng  the  samite  and  this 
could  not  be  done  with  aluminum  hence  with  the  aluminum  samples  the  glue  haa  to  have  a 
solvent  and  with  NaCl  It  did  not.  Stycast  Is  stronger  than  the  resin  used  for  alixnlnum 
but  Stycast  has  no  solvent.  With  NaCl  the  transducer  used  was  one  half  Inch  In  diameter* 

The  results  of  the  deformation  of  sodium  chloride  are  ^own  In  idiat  follows* 
Figure  ( 17 )  shows  the  dependence  of  stress*  attenuation  change,  and  fractional  velocity 
change  on  strain  for  10  mc/sec  ccopresslonal  waves* 

The  attenuation  and  velocity  results  are  quite  similar  In  form  to  those  obtain¬ 
ed  with  aluminum  single  crystals.  The  attenuation  Increases  with  strain  and  the  velocity 
change  has  a  maximum  at  about  0.1^  strain  although  the  actual  change  In  from 

zero  strain  to  0*1^  strain  Is  much  smaller  than  It  Is  In  alixnlnw* 
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Recovery  eaperinenta  have  been  carried  out  where  the  load  remains  on  and  where 
the  load  has  been  removed.  Attenuation  and  velocity  measured  as  a  function  of  time 
with  and  without  load  are  shown  In  Figure  (17).  Recovery  with  the  "load  on” 

was  measured  with  constant  strain  at  0.365%  (curve  a).  Curve  B  Is  that  for  the  frac¬ 
tional  velocity  change  during  recovery  at  constant  strain  (with  load).  Curves  C  and  D 
are  those  for  attenuation  change  and  fractional  velocity  change,  respectively,  under  no 
load. 


The  general  form  of  the  attenuation  recovery,  with  or  without  load.  Is  similar 
to  that  of  the  alunlmn  sinc^  crystals.  On  the  other  hand  there  are  mariced  differences 
between  the  two  types  of  velocity  behavior  for  aluminum  and  sodium  chloride.  As  seen 
in  Figure  (17)  (curve  D)  the  vel^lty  Initially  does  not  change  iriiereas  In  curve  B  there 
Is  a  sharp  dx^  foUowed  by  an  Increase  approzijaately  back  to  the  starting  point. 

Neither  of  these  two  types  of  recovery  behavior  has  been  found  In  alumlmm.  The  recovery 
behavior  In  sodium  chloride  appears  at  present  to  be  very  different  from  that  observed 
In  aluminum. 

Following  recovery,  that  Is  seventy  two  hours  later,  the  sodium  chloride  sanqple, 
for  idilch  the  recovery  has  been  shown,  was  Reloaded  until  It  brc^e  at  1.39%  strain. 

The  stress-strain  curve  and  the  attenuation-strain  curve  are  shown  in  Figure  (18).  The 
attenuation  continued  to  increase  with  strain  and  without  sign  of  a  marnlmum  until  frac¬ 
ture  occurred. 

This  woric  on  sodium  chloride  has  been  started  recently  and  relatively  little 
data  Is  available  thus  far.  It  Is  Intended  that  measureaents  of  conductivity  and 
surface  charge  will  be  made  as  well  as  attenuatloik-straln  and  velocity  strain  measure¬ 
ments. 
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Ill*  Ditoaaalon  of  Pr^wratlMia  For  Stross  Cyollnc  Sinflo  Cryotalo 


Proptrotions  for  eyelie  fatifua  tests  of  single  crystals  of  alualnvsi  have  pro¬ 
gressed*  This  wozic  has  Involved  necessary  changes  in  the  cycling  mechanise  tdiich 
consists  of  a  servomechanism  controlled  universal  testing  machine  and  a  prcgraaming 
devioa*  k  new  load  cell  cf  the  necessary  lov  capacity  for  these  tosts  has  been  Installed 
and  the  required  changes  in  circuitzy  made.  A  suitable  aiq)lifier  and  extensosMters 
have  also  been  provided  to  permit  stress-strain  recording.  Three  different  avenues  of 
ai^oaeh  have  been  under  exploration  for  providing  the  desired  triangular  sh^jed  cyclic 
load  pattern  in  order  to  produce  a  mcnre  accurate  loading  cycle  than  previously  achiev¬ 
ed*  There  are  problems  of  linearity  and  response  rate,  especially  at  the  aturopt  re¬ 
versal  In  loading  rate,  with  each  of  the  three  methods.  None  of  these  has  been  found 
to  be  entirely  satisfactory* 

The  three  methods  are: 

1*  A  iMchanlcally  cycled  elastic  amber  containing  resistance  gages  to  provide 
the  required  nodulated  cycle  for  programing  the  machine. 

2.  A  clock  motor-driven,  continuously-rotating  potentiometer  with  associated 
electronics. 

3*  A  coanwrcially  available  electronic  function  generator. 


Provision  of  suitable  grips  to  hold  the  single  crystal  specimen  in  the  testing 
machine  without  introducing  undeslred  bending  or  clamping  stresses  is  a  different 
problm.  The  first  design  of  these  grips  has  proven  to  be  unsatisfactory,  and  a  second 
design  incorporating  features  which  will  permit  better  adjustsient  of  alignment  has  been 
prepared* 

As  this  report  is  written  the  eqviipnent  in  question  is  very  nearly  ready  to 
try  out  on  cycling  a  single  crystal  of  aluminum. 
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IV*  Dtaerlptlon  of  Autoaotie  Roeordlac  Voloclty  IteasurwMHit  QjrstMi 

An  autoMtle  rooordlnc  voloeitj  aMsuroMitt  unit  has  boon  dovoloped  and  vhllo 
a  workiiii  acdol  of  tte  fall  unit  Is  not  yat  in  operation*  varloas  ooaponsnt  sections 
of  Uie  wait  tees  been  tested.  This  unit  iiill  aake  it  possitaSLe  to  record  changes  in 
round  trip  tine  of  oltrasonic  echoes.  The  unit  has  bem  planned  to  be  practically 
inseiMtive  to  ohanges  in  repetition  rate*  pulsed  oscillator  jitter*  po^  tfqplitude 
and  rise  tias*  and  to  changes  in  ssei^e  attenuation.  One  nanosecond  (10^)  ohanges  in 
round  trip  tine  asy  be  observed  with  a  probate  accuracy  of  ±  It  is  eaqaeoted 
that  changes  in  tine  of  0.1  nanosecond  (10*^^)  will  be  observabie.  Iipectad  accuracy 
for  the  Bsasuieswnt  of  10  nanoseconds  or  greater  is  ±  1)(.  It  is  planned  to  aake  patent 
application  for  this  device. 
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Aufoaititic  Recording  Attenuation  Equipment 
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Stran,  Shear  Wove  AttenuoTion  And  Valoctty  Change  As  a  Function  Of  Total  Strain 


g/mm*  Change  of  Attenuation  db^sec 


Strain  percent 
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I,  Compressionai  Wave  Attenuation  and  Velocity  Change  As  A  Function  Of  Total  Strain 


Stress  g/mm  Change  of  Attenuation  db^sec 


Strain  percent 
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Figui*  6. 

Strws,  Longitudinal  Wove  Attenuation  And  Velocity  Change  As  A  Function  Of  Total  Strain 


Stress  g/mm*  Change  of  Atterxjation  db^sec 
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Figure  ?• 

Stress,  Compressional  Wave  Attenuation  And  Velocity  Change  As  A  Function  Of  Total  Strain 
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Str«i«,  Longitudinal  Wove  Attenuation  And  Velocity  Change  As  A  Function  Of  Total  Strain 


Stress  g/mm*  Change  of  Attenuation  db/yu.sec 
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Stress  g/rnm*  Change  of  Attenuation  db/^^sec 
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Figure  11. 

Nomwliied  Attenuation  And  Velocity  Change  As  A  Function  Of  Resonant  Frequency 


Loop  length,  cm 


Figure  12. 

Mppar  And  Lower  Limits  On  Loop  Lengths  As  A  Function  Of  Frequency 
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FSgure  14* 

Longitudinal  Wav*  Attenuation  As  A  Function  Of  Rosolved  Shear  Stress  For  Orientations  bidiccrted 
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Figure  17* 

Recovery  Of  Attenuation  And  Velocity  Witfi  And  Without  Load 
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And  AttmuoHon  As  A  Function  Of  Strain  For  Two  SuecMivo  Cyclos  Of 
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